Abstract A unique, large-scale tracer test performed along a 90-km reach of a natural river is presented. This method was crucial for evaluating the impact of a retention reservoir on protected areas of the river downstream, and to assess the threats due to potentially catastrophic releases of toxic substances into that river. The response to the slug injection of a soluble tracer is assumed to imitate the characteristics of a soluble pollutant, so an understanding of how tracers mix and disperse in a stream is essential to understanding the processes of pollution transport. The procedure applied during this experiment consisted of the instantaneous injection of a known quantity of Rhodamine WT into the stream and the determination of the temporal variation in concentration of the tracer at sites as it moved downstream. The results were analysed from the perspective of a transient storage model. Relevant model parameters were evaluated by fitting the computed breakthrough curves to the observed ones on a reach-by-reach basis.
INTRODUCTION
Mixing and transport processes in rivers have puzzled and intrigued people for many years. In spite of much effort, surprisingly, they are still not completely understood, even in one-or twodimensional approximations of the full three-dimensional flow. So-called tracer experiments help in better understanding of the mixing processes. Not many river tracer tests have been performed over long distances, mainly due to the logistical difficulty and high cost. This is particularly troublesome in natural rivers that have limited pressure from the human population. Most largescale tracer tests were performed in the 1960s and 1970s (e.g. Godfrey & Frederick, 1963; Yotsukura et al., 1970; Nordin & Sabol, 1974; McQuivey and Keefer, 1976) . Among recent studies on a large scale, that on the Hudson River, USA (Ho et al., 2002; Caplow et al., 2004) , and the tests performed in the Rhine River, Germany/The Netherlands (Van Mazijk & Veling, 2005) should be mentioned. Very often, the concentrations were recorded at a limited number of sites and insufficient readings were taken in the tails of concentration distributions.
The present study was performed in the Upper Narew River in the northeast of Poland. The Narew is an example of a relatively undisturbed river in a landscape rich in nature, and, hence, it allows mixing processes present in a channel to be studied with almost no engineering construction along its course. This reach was also selected in view of the practical problems that are of crucial importance for that region, namely, the impact of the Siemanówka Reservoir on water quality in the Narew River and, particularly, on its reach within Narew National Park (NNP). The Siemanówka Reservoir is shallow and accumulates nearly 80 × 10 6 m 3 of water. It is a strongly eutrophic water body, in which very high concentrations of chlorophyll (100-200 μg/dm 3 ) and total phosphorus (max. 470 μg P/dm 3 ) occur during the summer season (Jekatierynczuk-Rudczyk et al., 2002) . The high trophic level caused by the high concentration of dissolved organic carbon and the resuspension of sediment, among other things, favours the occurrence of water blooms, particularly of blue-green algae of the genera Aphanizomenon, Anabaena and Microcystis (Jekatierynczuk-Rudczyk et al., 2002) . There is an ongoing debate on how the poor water quality in the reservoir affects the river in the downstream reach; tracer tests were indicated as a method that might support such studies (Rowiński & Napiórkowski, 2001) . Particular threats to the environment (the reservoir and river waters) are due to the railway, which crosses the area, that used to transport toxic industrial compounds through the towns of Hajnówka, Siemianówka, Cisówka and Swislocz (Belarus). The noted toxic compounds transported are: acrylonitryle, ammonia, aluminium fluoride, chlorine, athanoic anhydrite, bituminous oil, toluene, butadiene, dichloroethane, benzene and acetone cyanohydrin (Wiśniewski, 1998 ). An accidental spill of such substances would be an environmental catastrophe. A common feature of such an accidental release of toxic material is that the cloud of pollutant propagates downstream from the release point, and at the same time it is gradually being dispersed and partially retained due to heterogeneities in the river reach. It should be noted that not only are the maximum values of pollutant concentrations dangerous for living organisms, but so is the time of exposure to lower but longerlasting concentrations. An understanding of the fate of soluble pollutants is therefore essential for the efficient management of the river environment, and part of this understanding is gained through tracer tests. A tracer test in the multichannel river system itself (NNP) was performed in 2001 (Rowiński et al., 2003a,b) and it facilitated analyses and quantification of the transport and mixing processes in that complex environment. That study extended over a river reach of almost 17 km. This time, a challenging 90-km tracer test in the reach between Siemianówka Reservoir and Narew National Park was undertaken. This study was also useful for the construction and calibration of a warning model prepared for the Upper Narew River to assist decision makers in mitigating the effects of possible accidental spills (Rowiński, 2006; Rowiński & Kwiatkowski, 2008) .
Preliminary results of the study based on classical Fickian analyses were reported in (Rowiński et al., 2007) . This paper concerns the analyses that are based on the concept of storage zone models, an approach that accounts for the existence of stagnant zones of river water that are stationary relative to the faster moving waters near the centre of the channel (Nordin & Troutman, 1980; Bencala & Walters, 1983; Hart, 1995; Czernuszenko & Rowiński, 1997; De Smedt et al., 2005; Guymer & Dutton, 2005) .
DESCRIPTION OF THE STUDY AREA
The Narew River is one of the few remaining natural river systems in Europe. The valley of the Upper Narew is located in the northeast of Poland. The study area includes a 90.2-km-long reach that begins at the bridge in Bondary, 400 m downstream of the Siemianówka Reservoir outflow, and ends at the river gauge in Suraż, located in the buffer zone of the Narew National Park exactly 500 m before its boundary. Between those two locations, the river flows from east to west. The general layout of the study reach is given in Fig. 1 .
In principle, except for areas close to the dam reservoir, this part of the river is not channelized. The valley is about 1-2 km wide and 7-10 m deep; it was shaped by a meandering river channel and presents a natural form of lowland river system, with relatively small slope (0.24‰). The Upper Narew River, considered here, has a drainage area of approximately 3376 km 2 . Discharge at the upstream Bondary site, is directly dependent on the management of the Siemianówka Reservoir-this influence decreases with increasing distance from the reservoir. Nearly 90% of the valley is occupied by rich wetland ecosystems, mostly by marshes (55%) and peatlands (31%). The remaining 10% is covered by postglacial mineral soils and sand dunes. Additionally, an important role for local ecosystems is played by mud soils which fill old river beds. Such conditions lead to extensive agriculture. This semi-natural character and environmental conditions of the region give this part of the Narew Valley great ecological value and favour this region for landscape protection, tourism and agriculture. Recently, several studies have been initiated to understand the hydrological conditions and to identify relevant water management strategies for the region; however, the data and information are still rather scarce. One should mention a recent study by Kubrak et al. (2005) , in which water management problems in that area are discussed taking into account the conflicting interests of wetland protection and flood control mitigation. An independent in situ study was performed at the time of the recent experiment and the results are given below.
HYDROLOGICAL RECOGNITION
Hydrological measurements were made at the end of June 2006. The choice of that time of year for the entire experiment was motivated by a few factors. Firstly, cyanobacteria blooms are observed mostly in summer, so an understanding of the system behaviour in that season seems to be important. In addition, in summer, possible environmental contamination would affect more people and animals than at other times of year-there are many tourists in the area, and breeding cattle are often watered directly from the river. It is not insignificant that the relatively low water levels and still relatively sparse vegetation cover (beginning of summer) facilitate the performance of a large-scale experiment: water is maintained within river beds (no local floods occur) and access to all sites is much easier than in other seasons.
The conditions of river flow and ground supply were stable. There was no rainfall during the entire experiment and no increase in water level was observed. The initial choice of the measuring cross-sections was based on GPS readings and then slightly modified in the field to secure relatively convenient access during the actual tracer test.
Knowledge of actual velocity distributions allowed discharge to be determined at the selected cross-sections. Traditional methods that make use of electromagnetic sensors (Valeport 601) were used to determine point velocities. Examples of point velocity distributions at the selected verticals are given in Fig. 2 . Point velocity distributions are usually in agreement with classical vertical velocity distributions, maximum values occurring in the range between the level 0.8H and the water surface. Basic hydraulic and topographic characteristics are shown in Table 1 .
TRACER TEST
A tracer test was designed to study the longitudinal transport of a solute in the Upper Narew River. Most of the river is subject to special protection measures; therefore, high ecological standards had to be met. A fluorescent dye, Rhodamine WT, was selected as a tracer that would fulfil those demands. Due to their excellent detectability, fluorescent dyes may be used in low concentrations and, as such, they do not have strong negative influences on the natural environment (e.g. Smart & Laidlaw, 1977; Field et al., 1995; .
On 28 June 2006 at 05:40 h, 24 L of 20% water solution of Rhodamine WT was released in a short period of time (to simulate pulse release) at a cross-section of the river under the bridge at Bondary. Dye concentration measurements were undertaken at 13 sections downstream of the injection point over a distance of 90 km (see Fig. 1 ). Due to the size of the project, the distances between sites (on gravel tracks) and the relatively high financial implications of the project, it was decided to take simultaneous measurements at each site using an in situ electronic Turner Designs SCUFA fluorometer (Self-Contained Under-water Fluorescence Apparatus), as well as manual grab samples, later analysed using a 10-AU Turner Designs fluorometer.
A fluorometer is a device used to measure dye concentration. Using suitable filters for different types of benzo-organic dyes, the instrument utilizes the fluorescent properties of the tracer whereby the dye emits light of a different wavelength to that of the light striking it. The intensity of the emitted light is detected by a photo multiplier and the output measured as voltage. From calibration of the instrument with known concentrations of dye, the voltage can be converted to a concentration value. The SCUFAs have their own data logging capabilities: they have the ability to measure turbidity on a separate channel, and also to correct for temperature fluctuations, both of which influence fluorescence values. Both parameters were used during the experiment; temperature was corrected automatically within the electronics, and turbidity logged together with the tracer concentration. Figure 3 shows a typical raw-data trace of dye concentration and turbidity from a SCUFA before data filtering (Site 5). It is noticeable that around 15:00 h, the turbidity increases resulting in an increase in the fluorescence value. Use of an established technique allows these fluctuations to be isolated, quantified and removed.
Three SCUFAs were used during the experiment, each alternately moved from site to site during the passage of the tracer cloud. At each site, the SCUFA was positioned midstream, approximately 0.5 m below the water surface, and concentrations were recorded every 30 s.
Discrete samples were also collected in special dark bottles, to be measured in stable laboratory conditions-all samples were stored at the same temperature and light conditions for a couple of days prior to analysis. These readings were regarded as the most accurate. The dye concentration curves were registered until almost complete decay of fluorescence, i.e. until the background concentrations were achieved. These measurements were extremely labour-intensive and logistically complex. The registered concentration distributions in all measuring cross-sections are given in Fig. 4 . In principle, this represents the response of the stream to slug injection of a tracer. The advantages and drawbacks of carrying out the measurements using the two techniques described above will be the subject of a separate study. The initial part of the stream where the solute mixed across the depth and width of the river was ignored, as the study is concerned with one-dimensional (1-D), longitudinal transport of the dye. The first cross-section was established at a distance at which 1-D conditions were assumed to be achieved: 3300 m from the release point. During the early stages of the test, dye was visible to the naked eye, which facilitated sample collections.
BACKGROUND THEORY
Further analyses will be performed with use of a transport model including transient storage processes. This model is traditionally developed by deriving the 1-D mass balance equation with source term in the form (e.g. Nordin & Troutman, 1980; Czernuszenko & Rowiński, 1997) :
where C is the area-averaged concentration in the main stream; U is the area-averaged mean stream velocity, which is assumed to be constant along the given sub-reach; C d is the concentration in the dead zone; D L is the constant longitudinal dispersion coefficient; and T and ε are additional constant coefficients. The coefficient T represents an exchange parameter related to the residence time in the storage zones, and ε represents the ratio of volume of stagnant areas (storage zones) to volume of mainstream for unit length of a river reach. Both concentrations C and C d are usually normalized by the total mass of the solute discharged into the river.
The left-hand side of equation (1) gives the 1-D mathematical representation of basic processes governing the spread of passive admixture in flowing surface waters. These processes include advection, i.e. the downstream transport of solute mass at a mean velocity, and dispersion i.e. the spreading relative to the depth-averaged, or cross-section averaged, velocity due to movement at different velocities in different parts of the flow. The right-hand side of equation (1) expresses the rate of concentration change due to mass exchange between the mainstream and the stagnant areas, which may, for example, be created by the marshy vegetation or wetlands existing in the direct neighbourhood of the main channel, as well as by irregularities in the river bed, groinfields, side pockets, hyporheic storage, etc. Taking into account the complexity of the river geometry, one may assume that various sets of constant coefficients represent the situation described in each subsection. The mentioned parameters are interpreted as "lumped" parameters that represent a spectrum of storage processes which occur simultaneously in multiple types of storage zones. Depending on the sign, the term on the right-hand side represents the growth or decrease in concentration in the main stream of the river. Assuming that the admixture is completely mixed within the storage zones, the mass-exchange balance between the dead zones and the main stream gives:
The solution domain is the plane Oxt limited by inequalities 0 ≤ x ≤ L and t ≥ 0, where L is the length of the modelled channel reach. The model equations should also be complemented by relevant boundary conditions (e.g. Czernuszenko & Rowiński, 1997) . The key question is the evaluation of the dispersion coefficient, D L , and storage-zone parameters, T and ε.
From the perspective of the transport processes, the fluvial system can be considered at different scales and in greater or lesser detail, depending upon the objective of the observer. It might be very convenient to indicate relatively uniform river reaches within which the transport of the admixture can be described with the same set of model parameters, and this constitutes an important goal of the present study.
There are numerous methods allowing identification of the sets of parameters that make the model results best fit the observational values. A detailed review, and also a proposal for an alternative method, are given, for example, in Cheong & Seo (2003) . In the present study, the model calibration problem is formulated as optimization:
where F : R n → R is scalar objective function; k denotes the number of a measuring cross-section; K is the total number of measuring cross-sections; w k is weighting parameter; and T H the optimization time horizon Special constraints have been put on the sought parameters or functions:
where min and Θ max are the lower and upper bounds for the vector
DISCUSSION OF RESULTS
The shapes of the tracer distributions are characteristic, with their strong asymmetry, i.e. long tails stretching upstream (Fig. 4) . Those tails are caused by the temporary storage of the dye in various stagnant areas occurring in the irregularities of the river channel, or just low velocities. A natural temptation is to apply traditional Fickian mixing theory (e.g. Fischer, 1967; Bogle, 1997; Toprak et al., 2004) and, in the case of the considered tracer test it indeed provides some insight into ongoing processes (see Rowiński et al., 2007b) . To account for these long tails, the model described above including transient storage, as a more accurate technique, was used in the study. Such a model was successively fitted to the observed breakthrough curves on a reach-by-reach basis and reach-specific model parameters obtained. This constitutes the main idea for the analysis of the results presented herein.
Computation of the values of the objective function (3) for the estimated (by the described method) parameters D L , ε and T was realized through simulating the transport of solutes and comparing the concentration distributions C(x k , t). An uncomplicated simplex Nelder-Mead method (Press et al., 2001) appeared to be very effective in our case.
The main problem of parameter identification in this particular case is again the large spatial scale of the experiment and the variation in hydraulic and morphometric conditions along its course. The best way turned out to be to divide the river reach into more-or-less uniform sections with relatively constant flow, channel width and average depth ( Table 1 ). The first section was assumed to be between sites 1 and 3; the second between sites 4 and 6; the third between sites 7 and 10 and the last between sites 11 and 13. The optimization procedure was performed separately for each section and the results obtained were of very good quality.
The storage zone parameters obtained (see Fig. 5 ) are in the range noted in other rivers of similar topology and morphometry (Rowiński & Piotrowski, 2008) . Large values of ε indicate the existence of a substantial number of storage zones. In such a variant of computations, breakthrough curves obtained during experimental studies agree extremely well with the computational results (see Fig. 5 ). Since the reach-specific parameters are obtained by means of the described procedure, each set of parameters should somehow reflect the geometrical features of each river sub-reach. It is significant that water conditions change along the river reach. In the Siemianówka region, the terrain is rather dry and the percentage of wetland ecosystems is low; in this area the number of storage zones is modest and ε is close to 4.6%. Below the Narewka tributary (Section 3), the first complex marshy ecosystem appears and the tracer may be temporarily entrapped in the riparian wetlands; here ε exceeds 6%. At the same time, the residence time of the tracer (reflected by parameter T) in the storage zones becomes very long (21 h). Near Narew town, the marshes transform into wet grasslands which dominate the valley up to Ploski village. But the significant increase in ε (Site 7) could be caused by the existence of river bifurcations. Marshy cover appears again (the increase in ε and T at Site 10), which changes to grassland below Doktorce village. Near Zawyki, the soil moisture increases significantly and the land is marshy peatland (reflected in the significant increase in T), which covers nearly the whole River Liza mouth and surrounding areas, forming the so-called Filipy Swamp. This causes an extreme increase in ε up to 17% at the last measuring cross-section. As expected, the longitudinal dispersion coefficient, D L , differs significantly from the values obtained by means of Fischer's routing procedure or method of moments when the traditional Fickian model is used (Rowiński et al., 2007b) . For example, D L values in the two first reaches are close to 17.5 m 2 /s, while the Fickian model provides values between 8.5 and 12 (depending on the method used). The largest differences are observed in the reach between sites 7 and 8, where the geometry of the reach is most complex. The reason is that, in contrast to the traditional Fickian model, the temporary entrapment of the tracer in the storage zones is separated from the dispersion process.
CONCLUSIONS
A unique tracer test ("Beki" trace) in the sense of its length, time scales and the number of measuring sites has been presented herein. The experiment allows for the simulation of potential accidental release of toxic substances upstream of an environmentally protected area. It provides additional arguments in an ongoing debate on the negative impacts of the retention reservoir located upstream of the river reach under consideration. Rhodamine WT turns out to be a good simulator of anticipated pollutants that could threaten the Narew River. The experiment also facilitated the construction of a warning model for that specific site, based on the concept of transient storage zones. The estimated model parameters are obviously much more reliable for conditions similar to those occurring during the experiment (characteristic for the summer season) than for those in any other season; however, the need for the warning tool is greatest in the summer. To gain more knowledge about the possible values of model parameters, tracer tests should be performed under other conditions.
